INTRODUCTION {#s1}
============

The progression of life from two gametes to an embryo involves the transfer of gene expression responsibilities from the parental to zygotic genomes. In animals, this maternal-to-zygotic transition requires a pause in transcription during late oogenesis, fertilization and the first stages of zygotic development ([@DEV186817C24]; [@DEV186817C49]; [@DEV186817C54]; [@DEV186817C72]). Until zygotic transcription resumes, cell-type transcriptome differences in the early embryo arise through post-transcriptional mechanisms acting on mRNAs inherited from the parental gametes.

In *Caenorhabditis elegans*, transcriptional repression initiates in late oogenesis by an unknown mechanism ([@DEV186817C21]; [@DEV186817C75]), but is sustained in post-fertilization stages by sequestration of transcriptional machinery to the cytoplasm ([@DEV186817C23]). Transcription resumes 2 h postfertilization, initiating in the somatic cells of four-cell embryos and culminating in the P~4~ cell of the primordial germ lineage (P lineage) at the 28-cell stage ([@DEV186817C56]; [@DEV186817C57]).

Even in the absence of *de novo* zygotic transcription, the transcriptomes of early *C. elegans* blastomeres diversify. Single cell resolution RNA-seq (scRNA-seq) assays have determined that the first two daughter cells (AB and P~1~) contain 80 AB-enriched and 201 P~1~-enriched transcripts distinguishing them ([@DEV186817C42]). Similar approaches have identified additional maternally inherited transcripts with biased representation in different lineages through the first four cell divisions ([@DEV186817C67]). These cell-specific transcripts likely arise through post-transcriptional mechanisms of mRNA decay, mRNA stabilization or by movement (active or passive) of transcripts into distinct regions of dividing cells.

Interestingly, there is no reason *a priori* for transcriptome diversification to be required for cell-specific protein production. Translational control plays a major role in driving protein production during germline development ([@DEV186817C37]) and into early embryogenesis. Indeed, a major class of mutants that affect early cell fate development are cell-specific RNA binding proteins (RBPs), the target transcripts of which are translated with spatiotemporal specificity ([@DEV186817C8]; [@DEV186817C28]; [@DEV186817C39], [@DEV186817C40]).

Still, the mRNA encoding Negative Effect on Gut development (NEG-1; a cell fate determinant) has an anterior bias preceding anterior NEG-1 protein production, suggesting that patterns in mRNA localization can precede or even be amplified at the translation step ([@DEV186817C14]; [@DEV186817C42]). Therefore, maternal asymmetric mRNAs appear to be important for cellular diversification in early development. In this study, we explore the mechanisms and functions of this patterning.

We report that several maternally inherited transcripts localize to subcellular regions within individual cells. In general, the anterior-biased (AB cell-enriched) transcripts tended to localize to cell-peripheral regions, often where the proteins they encode function. In contrast, posterior-biased (P~1~ cell-enriched) transcripts formed clustered granules overlapping with P granules, membraneless compartments of RNAs and proteins that form liquid-liquid phase separated condensates or hydrogels that mark the progenitor germ lineage ([@DEV186817C55]; [@DEV186817C34]).

Understanding the functional roles of P granules (and other phase-separated condensates) is a current major challenge. In early embryos, P granules are dispersed in the cytoplasm and highly dynamic ([@DEV186817C27]; [@DEV186817C62]), but later grow into larger granules that coalesce around the nucleus ([@DEV186817C59]). Here, they extend the nuclear pore complex environment and branch into more specialized condensates such as mutator foci ([@DEV186817C45]) and Z-granules ([@DEV186817C76]). Worms can recover from P granule disruption in early embryonic stages to properly specify the germline ([@DEV186817C20]), but later or sustained dysregulation leads to perturbations in germ-cell development ([@DEV186817C77]), disruption of gene expression regulatory control ([@DEV186817C5]; [@DEV186817C70]; [@DEV186817C74]) and fertility defects ([@DEV186817C30]; [@DEV186817C61]; [@DEV186817C77]). The reasons why mRNAs associate with P granules may depend on the individual transcript or developmental stage, but functions such as translational repression, RNA processing, small RNA-based regulation or piRNA licensing are possibilities, based on the functions of the proteins that compose P granules.

Here, we identify several new mRNA transcripts associated with P granules and observe that many are lowly translated. Indeed, the well-studied P granule-resident mRNA *nos-2* is also translationally repressed at early embryonic stages. Later, this repression is relieved when NOS-2 becomes essential for germline development ([@DEV186817C8]; [@DEV186817C28]; [@DEV186817C63]). It is possible that mRNA transcripts, such as *nos-2* and others*,* associate with P granules to promote translational repression. Alternatively, transcripts may accumulate in P granules after repression as a downstream step. In this study, we find that translational repression of *nos-2* mRNA precedes *nos-2* mRNA accumulation in P granules and can persist without P granule localization, supporting the second model. Further, we found that loss of translation can direct homogenously distributed transcripts to P granules, again suggesting that localization is a downstream step.

Overall, our work expands the list of membrane-associated mRNAs (from 0 to 5) and P granule-associated mRNAs (from roughly 10 to 16). Our findings also suggest that the subcellular patterning of maternally inherited transcripts is a common feature of early embryogenesis. By identifying and studying additional mRNAs with subcellular localization in the *C. elegans* early embryo, we can better determine mechanisms and purposes of their localization in early development.

RESULTS {#s2}
=======

Maternally inherited mRNA transcripts display subcellular localization {#s2a}
----------------------------------------------------------------------

scRNA-seq assays have identified transcripts that are differentially abundant between cells before the onset of zygotic transcription in *C. elegans* ([@DEV186817C25], [@DEV186817C26]; [@DEV186817C42]; [@DEV186817C67]). To verify the cell-specificity of these mRNAs and visualize their localization, we selected several to image in fixed *C. elegans* embryos using single-molecule resolution imaging \[single-molecule fluorescence *in situ* hybridization (smFISH) or single-molecule inexpensive fluorescence *in situ* hybridization (smiFISH)\]. We chose eight AB-enriched transcripts, eight P~1~-enriched transcripts, four uniformly distributed (maternal) transcripts and eight zygotically expressed transcripts. Single-molecule resolution imaging confirmed the cell-specific patterning predicted by RNA-seq for seven out of eight AB-enriched, seven out of eight P~1~-enriched transcripts, and four out of four symmetric transcripts. Strikingly, many maternally inherited transcripts yielded subcellular localization patterns beyond cell-specific patterning ([Table 1](#DEV186817TB1){ref-type="table"}, [Fig. 1](#DEV186817F1){ref-type="fig"}, [Movies 1](Movies 1)-[6](6), [Fig. S1](Fig. S1)). Table 1.**A survey of early embryonic mRNA transcripts for localization patterns** Fig. 1.**Subcellular localization patterns of maternally inherited mRNAs.** (A) mRNA localization patterns for *erm-1*, *chs-1*, *clu-1*, *cpg-2*, *imb-2* and *nos-2* are shown ([Table 1](#DEV186817TB1){ref-type="table"}, [Fig. S1A](Fig. S1A)). They represent AB-enriched (blue), P~1~-enriched (green) and symmetric (orange) maternal mRNA and a known P granule control (yellow). Left column shows the pattern of mRNA abundance through the first four cell divisions as previously reported using scRNA-seq data ([@DEV186817C67]), illustrated as a proportionally colorized pictograph. Normalized transcript abundance values are indicated below each pictograph. Center column shows mRNA imaging using smFISH of a representative four-cell embryo, showing the mRNA of interest (green), DNA (DAPI; blue), and *set-3* \[SET (trithorax/polycomb) domain containing; red\] as a symmetric control. *set-3* was co-probed in each embryo but only shown once for simplicity. mRNAs were found concentrated at cell peripheries (*erm-1*, blue arrows), into clusters (*chs-1*, *clu-1* and *cpg-2*, green arrows), at nuclear peripheries (*imb-2*, orange arrows) or at known P granules (*nos-2*, yellow arrow). Inset white numbers represent the number of times the pattern was observed out of the total four-cell-stage embryos surveyed over a minimum of five biologically replicated experiments. Right column shows cartoon depictions of each mRNA of interest (green), shown to summarize subcellular distribution patterns. (B) Cartoon depictions of the first five embryonic stages. Scale bars: 10 µm.

AB-enriched transcripts tended to localize to cell peripheries ([Table 1](#DEV186817TB1){ref-type="table"}). Specifically, AB-enriched *erm-1* (*Ezrin/Radixin/Moesin*), *lem-3* (*LEM domain protein*), *ape-1* (*APoptosis Enhancer*) and *tes-1* (*TEStin homolog*) mRNAs accumulated there. ERM-1 protein also accumulates at cell-to-cell contacts where it functions in the remodeling of apical junctions ([@DEV186817C71]). Similarly, LEM-3, a nucleic acid metabolizing enzyme, localizes to cell membranes (supplemental material of [@DEV186817C12]) and cytoplasmic foci. The localization of APE-1 and TES-1 proteins are uncharacterized, but they contain domains known to associate with membranes (ankyrin-repeat domain in APE-1 and PET domain in TES-1) ([@DEV186817C2]; [@DEV186817C64]). For this paper, we focused on *erm-1* as a representative of this group ([Fig. 1](#DEV186817F1){ref-type="fig"}).

P~1~-enriched transcripts primarily aggregated in RNA granules in the P lineage ([Table 1](#DEV186817TB1){ref-type="table"}, [Fig. 1](#DEV186817F1){ref-type="fig"}, [Fig. S1](Fig. S1)). This included transcripts important in eggshell formation such as *chs-1* (*CHitin Synthase*) and *cpg-2* (*Chondroitin ProteoGlycan*), mitochondrial distribution and stress response such as *clu-1* \[*yeast CLU-1 (CLUstered mitochondria) related*\], as well as the carbohydrate-metabolizing enzyme F57B10.3 (recently renamed *ipgm-1*; *cofactor-Independent PhosphoGlycerate Mutase homolog*) ([@DEV186817C18]; [@DEV186817C36]; [@DEV186817C41]; [@DEV186817C79]).

Of the maternally inherited transcripts that distribute symmetrically at the two-cell stage, only one of four tested showed subcellular patterning ([Table 1](#DEV186817TB1){ref-type="table"}, [Fig. S1](Fig. S1)). The transcript *imb-2* (*IMportin Beta family*) localized to nuclear peripheries, coincident with its encoded protein, an Importin-β homolog that facilitates nuclear pore complex import ([Fig. 1](#DEV186817F1){ref-type="fig"}). In no cases did we observe subcellular localization for mRNAs expressed zygotically, suggesting that subcellular patterning is more common among maternally inherited transcripts that those zygotically transcribed. However, because zygotically dividing cells subdivide successively, beyond the 16-cell stage their reduced size could potentially obscure our ability to call their localization accurately ([Table 1](#DEV186817TB1){ref-type="table"}).

In addition to these surveyed transcripts, we also used smFISH to image *nos-2*, a previously reported mRNA resident of P granules required for germline maintenance and fertility ([@DEV186817C63]) ([Table 1](#DEV186817TB1){ref-type="table"}, [Fig. 1](#DEV186817F1){ref-type="fig"}). smFISH verified P granule localization of *nos-2* mRNA and showed that granular patterning was coincident with P lineage enrichment -- both beginning at late four-cell stage ([Fig. 2](#DEV186817F2){ref-type="fig"}C, [Fig. S2](Fig. S2)). Fig. 2.**Quantification of mRNA and their patterning.** (A) The number of mRNA molecules (green dots) located within binned distances from the cell cortex (blue lines) were tabulated and normalized against the total volume of each concentric space. The frequencies with which *erm-1* mRNA and *set-3* mRNA occurred at varying distances in one embryo are shown. (B) The frequencies with which mRNA appeared in relation to the nuclear peripheries in one embryo were similarly calculated for *imb-2* mRNA and *set-3* mRNA. (C) Several metrics of clustering were quantified for: *chs-1* (red), *clu-1* (ochre), *cpg-2* (green), the P granule mRNA of *nos-2* (blue) and for comparison *set-3* (purple)*.* We calculated the total number of RNAs in each embryo, the total number of clusters identified in each embryo, the fraction of total mRNAs located within clusters, and the average estimated number of mRNA molecules per cluster within a given embryo. The average of each metric and their standard deviation (shading) for each transcript at six cell stages are shown, representing a minimum of five embryos for each type and time point over a minimum of three replicates. Significance indicates *P*-values derived from multiple test corrected *t*-tests comparing the transcript of interest versus the control transcript *set-3* for the metric of interest at the given stage. Adjusted *P* value legend: NS\>0.05; 0.05\>\*\>0.005; 0.005\>\*\*\>0.0005; 0.0005\>\*\*\*\>0.00005; 0.00005\>\*\*\*\*.

To explore the dynamics of subcellular patterning through embryogenesis, we imaged key transcripts from the one-cell stage through hatching. The onset and persistence of subcellular mRNA localization varied depending on the transcript and its biology ([Fig. S2](Fig. S2)). *chs-1* mRNA first localized to posterior clusters at the one- or two-cell stage but degraded over successive cell divisions until dissipating by the 48-cell stage ([Fig. S2](Fig. S2)), whereas *imb-2* appeared at or near nuclear membranes in all stages assayed. This is consistent with the roles of the proteins as CHS-1 is essential primarily for deposition of chitin in the eggshell between oogenesis and egg-laying ([@DEV186817C80]), whereas the IMB-2 protein is required throughout the life of the worm for nuclear import ([@DEV186817C46]). In contrast to *chs-1*, *nos-2* mRNA distributed homogenously before the four-cell stage and then began clustering in the P lineage, coincident with its degradation in somatic cells. *nos-2* mRNA clusters grew in size until the 28-cell stage ([Fig. S2](Fig. S2)). At the 28-cell stage, *nos-2* transcripts became visible as individuals in the cytoplasm, concurrent with a decrease in the size of *nos-2* mRNA clusters. Translational regulation of *nos-2* is dynamic during these stages. *nos-2* mRNA is translationally repressed before the 28-cell stage, at which point translation repression is relieved ([@DEV186817C8]; [@DEV186817C28]). Therefore, the transition in RNA localization accompanies this transition in regulatory status. What was more surprising is that *nos-2* mRNA could both be observed as individual mRNAs and localized into granules before the 28-cell stage during its phase of translational repression. During the one-, two- and early 4-cell stages, *nos-2* mRNA fails to produce protein, but also does not localize to clusters, illustrating that these processes can be uncoupled. Altogether, subcellular transcript localization appears transient or persistent depending on the encoded function of the mRNA.

Quantification strategies to characterize mRNA patterning {#s2b}
---------------------------------------------------------

To better describe the subcellular mRNA patterns we observed, we detected individual mRNA molecules in 3D images using FISH-quant ([@DEV186817C38]) and developed metrics to describe their localizations at membranes or within clusters.

*erm-1* mRNA localized to cell peripheries. To characterize this propensity in an unbiased manner, we calculated the frequency with which *erm-1* transcripts accumulated at increasing distances from cell membranes ([Fig. 2](#DEV186817F2){ref-type="fig"}A). After normalizing for the decreasing volumes of each concentric space, we determined that *erm-1* mRNA were twice as likely to occur within 5 μm of a cell membrane than more than 5 μm from one. In contrast, homogenously distributed *set-3* (*SET domain containing*) transcripts were equally likely to be present at all distances (both measured using 10 μm bin sizes) ([Fig. 2](#DEV186817F2){ref-type="fig"}A).

Similarly, we calculated the frequency of *imb-2* mRNA at increasing distances from the nuclear periphery ([Fig. 2](#DEV186817F2){ref-type="fig"}B). *imb-2* transcripts were twice as abundant within 10 μm from the nuclear membrane than at 10 μm or more from a nuclear membrane, again adjusting for volumes of these spaces. The more ubiquitous *set-3* transcripts showed no nuclear peripheral-enrichment.

In developing metrics of mRNA clustering, we found that overlapping mRNA signals complicated the 'single molecule' nature of smFISH, which relies on sufficient spacing between individual transcripts. To overcome this, we used a tiered approach, first identifying individual mRNAs ([@DEV186817C38]) before estimating the number of molecules contributing to signal overlap by fitting a Gaussian mixture model (GMM) to the average fluorescence intensities and volumes of the individual molecules (see [Materials and Methods](#s4){ref-type="sec"}). Deconvolved mRNA molecules could then be separated into clusters using a geometric nearest neighbor approach ([@DEV186817C15]).

To characterize mRNA clusters, we quantified total number of mRNA molecules per embryo, total number of mRNA clusters per embryo, fraction of total mRNAs that localize into clusters (as opposed to individuals), and estimated number of mRNAs within each cluster. We calculated these measurements for four clustered transcripts (*chs-1*, *clu-1*, *cpg-2* and *nos-2*) at six stages of embryonic development ([Fig. 2](#DEV186817F2){ref-type="fig"}C). *cpg-2* and *nos-2* were the most abundant transcripts (∼10,000 molecules per embryo) in contrast to *chs-1* or *clu-1* (∼2500 molecules per embryo) at the same time point (two-cell stage). The number of *cpg-2* and *nos-2* mRNA molecules comprising each cluster increased over time, whereas *chs-1* and *clu-1* did not. For *nos-2*, mRNA accumulated to a maximum of 20 molecules per cluster at the 24-cell stage, just before *nos-2* translational activation. After this point, *nos-2* mRNA clusters decreased in size, appearing dispersed in the cytoplasm. All clustered transcripts exhibited marked differences in clustering statistics from the homogenously distributed *set-3* transcripts.

Clustered transcripts co-localize with markers of P granules and, less frequently, with markers of P-bodies {#s2c}
-----------------------------------------------------------------------------------------------------------

mRNA clustering is typically indicative of localization into granules. Many types of condensates exist, such as stress granules (associated with translationally repressed transcripts that accumulate during stress), P-bodies (processing bodies, associated with RNA processing enzymes) and germ granules (associated with regulatory control in animal germ cells). In *C. elegans*, germ granules are specifically called P granules in the early embryo ([Fig. 3](#DEV186817F3){ref-type="fig"}A) ([@DEV186817C55]; [@DEV186817C34]) and they segregate to the P lineage with each successive cell division. Dual mechanisms of preferential coalescence/segregation in the P lineage and disassembly/degradation in somatic cells drives their concentration in the P lineage ([@DEV186817C3]; [@DEV186817C9]; [@DEV186817C77]). Fig. 3.**Posterior clustered mRNAs co-localize with P granules and P-bodies.** (A) Schematic detailing how P granules are distinct from P-bodies. (B) Fixed embryos were imaged for the P granule marker GLH-1::GFP (green) and *chs-1*, *clu-1*, *cpg-2* or *nos-2* transcripts (magenta). DNA (DAPI, blue) and differential interference contrast microscopy (DIC) are also shown. (C) The fraction of mRNA clusters overlapping with P granules (dark gray) and P granule-independent clusters (light gray) in four-cell embryos was calculated by assessing spatial overlap between mRNA clusters and GLH-1::GFP-marked P granules. (D) Fixed embryos were imaged for the P-body protein marker PATR-1::GFP amplified using immunofluorescence (green) with smFISH imaging of *chs-1* mRNA or *clu-1* mRNA (magenta), and DNA (DAPI; blue). Enlargements of boxed areas illustrate regions of co-localization. Dashed white lines indicate cell boundaries.

Given that we observed *chs-1*, *clu-1* and *cpg-2* mRNAs clustered and progressing down the P lineage, we hypothesized that they might be within P granules. To test this, we imaged *chs-1*, *clu-1*, *cpg-2* and, for comparison, *nos-2* by smFISH in worms expressing P granule markers GLH-1::GFP ([Fig. 3](#DEV186817F3){ref-type="fig"}B) or PGL-1::GFP ([Fig. S3](Fig. S3)). mRNA clusters overlapped with both P granule markers. Indeed, 23% (*cpg-2*) to 75% (*chs-1*) of identified mRNA clusters overlapped with GLH-1::GFP-marked P granules at the four-cell stage ([Fig. 3](#DEV186817F3){ref-type="fig"}C), and their co-occurrence increased thereafter. Larger mRNA clusters were more likely to co-occupy space with P granules ([Fig. S4](Fig. S4)). Conversely, 13-57% of GLH-1::GFP marked P granules contained an mRNA cluster of any specific transcript, suggesting some heterogeneity in their content. Together, these findings illustrate that P-lineage-enriched mRNA clusters in this study are P granule-associated RNAs.

Depending on the transcript, 25-75% of RNA clusters were distinct from P granule markers at the four-cell stage. These occurred in P cells and their sisters (most evidently in the EMS cell). Because many of the clustered mRNAs (*chs-1*, *clu-1*, *cpg-2* and *nos-*2) degrade in early embryogenesis ([Fig. 2](#DEV186817F2){ref-type="fig"}C), we hypothesized that the RNA clusters that did not overlap with P granule markers were P-bodies. P-bodies -- as opposed to P granules -- are associated with RNA decay as they contain high concentrations of RNA degrading proteins (DCAP-1, Argonaute, and Xrn-1) ([@DEV186817C44]) ([Fig. 3](#DEV186817F3){ref-type="fig"}A). In *C. elegans*, P granules and P-bodies share some protein components, but specific proteins distinguish each ([@DEV186817C19]; [@DEV186817C73]). To test our hypothesis, we imaged *chs-1*, *clu-1*, *cpg-2* and *nos-2* using smFISH concurrently with PATR-1::GFP (yeast PAT-1 Related) amplified by immunofluorescence to mark P-bodies ([Materials and Methods](#s4){ref-type="sec"}, [Fig. S5](Fig. S5)). *chs-1* and *clu-1* transcripts were enriched in posterior cells whereas PATR-1::GFP predominantly localized to somatic cells. However, within their regions of overlap, we identified co-localized clusters, indicating that some clusters of *chs-1* and *clu-1* mRNAs reside within P-bodies ([Fig. 3](#DEV186817F3){ref-type="fig"}D). Some *chs-1* and *clu-1* mRNA clusters failed to overlap with P granule or P-body markers, leaving their identity unknown. Whether these mRNA clusters are stable or short-lived is currently unclear, as fixed smFISH assays cannot resolve their dynamics.

Curiously, we noticed that transcripts did not mix homogenously within P granules but occupied discrete regions within granules. For example, *clu-1* mRNA typically surrounded a *chs-1* mRNA core ([Fig. S6](Fig. S6)). These observations are echoed by other reports of homotypic mRNA spatial separation within germ granules ([@DEV186817C13]; [@DEV186817C68]) and suggest a complex organization to granules and the mRNAs they contain.

3′UTRs were sufficient to direct mRNAs to P granules but not membranes {#s2d}
----------------------------------------------------------------------

The 3′ untranslated regions (UTRs) of transcripts have been implicated in driving subcellular localization of mRNAs in many organisms ([@DEV186817C35]). To determine whether 3′UTRs of transcripts in our study were sufficient to direct mRNA localization, we appended 3′UTRs of interest onto *mNeonGreen* reporters expressed from the *mex-5* promoter in transgenic strains. We generated single-copy chromosomal integrations using Cas9-mediated insertion into MosSci integration sites. We imaged *mNeonGreen* mRNA localization using *mNeonGreen* smFISH probes alongside probe sets for endogenous mRNA in the same embryos.

3′UTRs of *erm-1* and *imb-2* were not sufficient to drive mRNA subcellular localization. Endogenous *erm-1* and *imb-2* mRNAs localize to the cell or nuclear peripheries, respectively, but *mNeonGreen* mRNA appended with *erm-1* or *imb-2* 3′UTRs failed to recapitulate those patterns ([Fig. 4](#DEV186817F4){ref-type="fig"}A-D). However, the *imb-2* 3′UTR did show evidence of mRNA destabilization as *Pmex-5::mNeonGreen::imb-2 3*′*UTR* yielded fewer *mNeonGreen* mRNA than endogenous *imb-2* transcripts or *Pmex-5::mNeonGreen::erm-1 3*′*UTR* expressed under the same promoter. This suggests that sequences within the body of the *imb-2* mRNA and/or its successful localization are important for mRNA stability. Ultimately, we did not identify sequences within *erm-1* or *imb-2* mRNAs sufficient to direct transcript localization. Either the 5′ regions of the mRNA, the coding sequence of the mRNA, the full mRNA, a short N-terminal signal peptide or some larger aspect of the translated protein direct mRNA localization. Fig. 4.**3′UTRs of clustered, but not membrane-associated, transcripts are sufficient for subcellular localization.** (A,C,E,G) The 3′UTRs of *erm-1* (A), *imb-2* (C), *cpg-2* (E) and *nos-2* (G) were appended to monomeric NeonGreen (*mex-5p::mNeonGreen::3′UTR of interest*) and transgenically introduced as a single copy insert into otherwise wild-type worms. Wild-type control strains (top panels) and transgenic strains (bottom panels) were imaged by smFISH using probes hybridizing to the endogenous mRNA of interest (left) and to *mNeonGreen* mRNA (middle) and merged (right). Representative four-cell stage embryos are shown. (B,D) Quantification of images shown in A and C indicating the normalized frequency of *erm-1* (B) or *imb-2* (D) mRNA and *mNeonGreen* mRNA at increasing distances from cell peripheries or nuclear boundaries, respectively, in a single embryo. (F,H) The estimated mRNA content per cluster from a minimum of five embryos at each of five binned stages of development from three biological replicates are reported for endogenous *cpg-2* (F) or *nos-2* (H) (magenta) and *mNeonGreen* reporters (green). *P*-values from multiple test corrected *t*-tests are shown (NS\>0.05; 0.05\>\*\>0.005). Scale bars: 10 µm.

In contrast, 3′UTRs of *chs-1*, *clu-1*, *cpg-2* and *nos-2* were sufficient to direct *mNeonGreen* mRNA to P granules. Each of the *Pmex-5::mNeonGreen::3*′*UTR-of-interest* strains yielded *mNeonGreen* mRNA localized to P granules coincident with the localization of their endogenous mRNA ([Fig. 4](#DEV186817F4){ref-type="fig"}E-H, [Fig. S7](Fig. S7)). The *chs-1* 3′UTR did exhibit hallmarks of transcript destabilization given the comparative low abundance of *mNeonGreen::chs-1 3′UTR* transcripts ([Fig. S7A](Fig. S7A)).

RNA localization trends with translational status {#s2e}
-------------------------------------------------

NOS-2 protein is translationally repressed in germline and early embryonic stages before becoming translationally active in the P~4~ cell at the 28-cell stage, with both repression and de-repression being mediated by the *nos-2* 3′UTR ([@DEV186817C8]). NEONGREEN protein under control of the *nos-2* 3′UTR in our study phenocopied this reported pattern ([Fig. S8A](Fig. S8A)). NEONGREEN fused to 3′UTRs of other transcripts (*erm-1*, *imb-2*, *chs-1*, *clu-1* or *cpg-2*) produced low levels of diffuse fluorescence, preventing interpretation of translational status of these reporter transcripts ([Fig. S8B](Fig. S8B)).

GFP fusions to full-length ERM-1, CHS-1 and CPG-2 proteins were more informative in illustrating the endogenous expression patterns of the proteins encoded by these localized transcripts. ERM-1::GFP localized to the cell cortex throughout embryogenesis, consistent with the role of the ERM-1 protein in linking the cortical actin cytoskeleton to the plasma membrane ([@DEV186817C22]; [@DEV186817C71]) ([Fig. S9A](Fig. S9A)). CHS-1 and CPG-2 play a transient role in development, evidenced by GFP fusion reporters showing highest signal in the early cell stages followed by their decline ([Fig. S9B,C](Fig. S9B,C)). CHS-1 and CPG-2 work together to form two different layers of the trilaminar eggshell. CHS-1 encodes a multipass membrane protein that is exocytosed upon fertilization to polymerize chitin ([@DEV186817C36]; [@DEV186817C41]). CHS-1 proteins then internalize, stimulating exocytosis of CPG-1 and CPG-2 proteins that nucleate chondroitin molecules to form the inner eggshell layer -- the CPG layer. Indeed, CHS-1::GFP fluoresces at the one-cell stage, but rapidly disappears thereafter ([Fig. S9B](Fig. S9B)). CPG-2::GFP appears to be external to the cells and persists within the extracellular space but declines within cells ([Fig. S9C](Fig. S9C)). mRNAs encoding both *chs-1* and *cpg-2* cluster in P granules and decline in number as development progresses, as evidenced by our smFISH data. Overall, this shows a trend in which transcripts with repressed, declining or low expression tended to accumulate in P granules.

Translational repressors of *nos-2* are required for mRNA degradation of multiple transcripts and P granule localization of *nos-2* mRNA {#s2f}
----------------------------------------------------------------------------------------------------------------------------------------

*nos-2* is one of three *nanos-*related genes in the *C. elegans* genome and a member of the evolutionarily conserved nanos family. Similar to *Drosophila nanos* mRNA, *C. elegans nos-2* mRNA is contributed maternally, concentrates in the progenitor germ lineage, is translationally repressed in oocytes and during early embryogenesis, is translated with spatial specificity and produces a protein that is expressed only in germ cells ([@DEV186817C63]). *C. elegans nos-2* is required for proper development of the germ cells and is necessary with zygotically-expressed *nos-1* for germ-cell proliferation. Translational repression of *nos-2* is coordinated by four sequential RBPs -- OMA-1, OMA-2, MEX-3 and SPN-4 -- that directly interact with the *nos-2* 3′UTR ([@DEV186817C8]; [@DEV186817C28]) ([Fig. 5](#DEV186817F5){ref-type="fig"}A). In oocytes, OMA-1 and OMA-2 are redundantly required to repress translation through direct interactions with the *nos-2* 3′UTR before they are degraded in the zygote. The RBPs MEX-3 and SPN-4 next repress *nos-2* translation throughout the embryo, with SPN-4 being most effective in posterior cells. MEX-3 and SPN-4 both interact with either of two directly repeated RNA sequences in the *nos-2* 3′UTR and function non-redundantly in the early embryo, as RNAi or mutants of either result in premature translation of a *nos-2* reporter. This baton-passing of translational control has been documented for other maternally inherited transcripts including *zif-1* (an E3 ubiquitin ligase specific to somatic cells) ([@DEV186817C39]) and *mom-2* (the Wnt ligand in P~2~) ([@DEV186817C40]). Fig. 5.**RBPs that repress translation of *nos-2* mRNA also impact degradation rates and subcellular localization of key mRNAs.** (A) A succession of RBPs cooperatively repress *nos-2* translation from oogenesis through to the 28-cell stage. (B) *chs-1* mRNA (magenta, top) and *nos-2* mRNA (magenta, bottom) were imaged by smFISH in a P granule marker strain (GLH-1::GFP, green) under mock (L4440) and *mex-3* RNAi conditions. (C,D) The total number of mRNA molecules (C) and average number of mRNA molecules per cluster (D) for four different RBP knockdown conditions on five mRNA at five different developmental stages are shown graphically, compared with the L4440 empty vector RNAi control. At least four embryos were assayed for each data point from three biological replicates. Standard deviations are shown as shaded ribbon regions. \# indicates data analyzed in E. (E) Distributions of *nos-2* mRNA cluster size under *mex-3*, *spn-4* *(ts)*, and dual *mex-3*/*spn-4* depletion conditions at the 16- to 24-cell stage demonstrate decreased cluster sizes when compared with mock (L4440) depletion. Significance indicates *P*-values derived from multiple test corrected *t*-tests comparing the knockdown condition of interest with vector-only RNAi control (L4440) (0.005\>\*\*\>0.0005; 0.0005\>\*\*\*\>0.00005; 0.00005\>\*\*\*\*). Scale bars: 10 µm.

Though the requirement for OMA-1, OMA-2, MEX-3 and SPN-4 to repress translation of *nos-2* mRNA is clear, owing to a lack of single-molecule resolution FISH data under knockdown conditions it is not known whether they are required to localize *nos-2* mRNA to P granules. To rectify this and to expand the question, we tested how depletion of these RBPs, individually or in combination, impacted the abundance and/or localization of four clustered mRNA transcripts (*chs-1*, *clu-1*, *cpg-2* and *nos-2*) ([Fig. 5](#DEV186817F5){ref-type="fig"}A). True to published reports, individual knockdowns of OMA-1 and OMA-2 had minimal phenotypes, but in combination yielded too few embryos to credibly test as development arrests during oogenesis ([@DEV186817C10]; [@DEV186817C60]). Depletion of MEX-3 and/or SPN-4 led to an overabundance of embryo-wide *chs-1*, *cpg-2* and *nos-2* transcripts compared with mock RNAi control, suggesting that MEX-3 and SPN-4 have a direct or indirect role in mRNA degradation ([Fig. 5](#DEV186817F5){ref-type="fig"}B,C, [Fig. S10](Fig. S10)). MEX-3 and SPN-4 are not required independently to accumulate *chs-1*, *clu-1* or *cpg-2* mRNAs in P granules; however, double knockdown of MEX-3 and SPN-4 resulted in a loss of *chs-1* localization to P granules ([Fig. S10](Fig. S10))*.* Only the localization of *nos-2* mRNA to P granules was severely disrupted by MEX-3 or SPN-4 loss independently or in combination, as evidenced by the missing *nos-2* clusters in smFISH images ([Fig. 5](#DEV186817F5){ref-type="fig"}D,E) and corresponding decrease in the average number of mRNA molecules per cluster ([Fig. 5](#DEV186817F5){ref-type="fig"}C). Together, these findings suggest that MEX-3 and SPN-4 are required for both translational repression and P granule localization of *nos-2* ([@DEV186817C8]; [@DEV186817C28]). Further, the role of MEX-3 and SPN-4 in RNA degradation is separable from their role in mRNA localization to P granules, as *chs-1*, *cpg-2* and *nos-2* require MEX-3 and SPN-4 for RNA clearance, whereas only *nos-2* and *chs-1* rely on them for P granule localization.

RBPs that relieve NOS-2 translational repression impact *nos-2* localization differently {#s2g}
----------------------------------------------------------------------------------------

*nos-2* mRNA is translationally repressed in the germline, through fertilization, and is only released from repression at the 28-cell stage of development when NOS-2 protein is exclusively produced in the P~4~ cell ([@DEV186817C8]; [@DEV186817C63]; [@DEV186817C66]). *nos-2* mRNA localizes to P granules in the adult germline ([@DEV186817C53]), but appears distinct from P granules at the one- and two-cell stages (this study). Between the four-cell and 28-cell stages, *nos-2* progressively re-accumulates into P granules, reaching a maximum average density of 20-30 mRNA molecules per P granule before the 28-cell stage ([Fig. S2](Fig. S2), [Fig. 2](#DEV186817F2){ref-type="fig"}C). At the 28-cell stage of development, when NOS-2 translation begins ([@DEV186817C63]), we observed *nos-2* mRNA becoming dispersed in the cytoplasm external to P granules ([Fig. 6](#DEV186817F6){ref-type="fig"}A). This could suggest that *nos-2* mRNA emerges from P granules when it becomes actively translated, supported by the fact that P granules are devoid of key ribosomal components required for translation ([@DEV186817C53]). Fig. 6.**RBPs that regulate translation of NOS-2 differentially impact *nos-2* mRNA subcellular localization.** (A,B) The impact of depleting POS-1 (A) or PIE-1 (B), two RBPs important for translation activation of *nos-2* mRNA at the 28-cell stage, was assayed. *chs-1* mRNA (magenta, top) and *nos-2* mRNA (magenta, bottom) were imaged in knockdown and control conditions using smFISH in a GLH-1::GFP-expressing strain. DAPI-stained DNA illustrates developmental stage. The 28-cell stage, when *nos-2* normally becomes translationally active, is shown for *pos-1* RNAi conditions. The 8-cell-stage embryo is shown for *pie-1* RNAi conditions to illustrate a stage when *nos-2* is normally repressed. (C) Pictograph demonstrating *nos*-2 behavior under conditions where translation repression is never relieved. (D) Schematic showing a summary of localization and translation phenotypes exhibited in knockdown of *nos*-2 RBPs. Scale bars: 10 μm.

Because the translational repression of *nos-2* mRNA correlated with its localization to P granules (above, [Fig. 5](#DEV186817F5){ref-type="fig"}), we sought to determine the effects of prolonged *nos-2* translational repression beyond the 28-cell stage when this repression is typically relieved. We imaged *nos-2* mRNA by smFISH under *pie-1* and *pos-1* RNAi knockdown conditions in which *nos-2* translational repression has been shown to persist ([@DEV186817C8]; [@DEV186817C66]). Interestingly, the two knockdown conditions yielded different results. Upon POS-1 depletion, *nos-2* mRNA failed to appear in the cytoplasm after the 28-cell stage and instead remained associated predominantly with P granules ([Fig. 6](#DEV186817F6){ref-type="fig"}A), as predicted by its translationally inactive status. In contrast, depletion of PIE-1 had the opposite effect. PIE-1 plays a threefold role by contributing to *nos-2* stabilization, NOS-2 translational activation and germline transcriptional repression ([@DEV186817C8]; [@DEV186817C66]). Upon disruption of PIE-1, *nos-2* mRNA molecules undergo progressive degradation in the P lineage due to the inappropriate transcription of somatic genes within the P lineage ([@DEV186817C57]). If this degradation phenotype is abrogated by concurrently blocking somatic gene expression \[*pie-1* and *ama-1* (encoding RNA Polymerase II) double knockdown\], *nos-2* mRNA molecules survive but fail to produce NOS-2 protein (unlike *ama-1* knockdown alone). The fact that *nos-2* mRNA fails to properly translate after the 28-cell stage under dual *pie-1*/*ama-1* knockdown conditions illustrates that PIE-1 is required to activate the translation of NOS-2 in the P lineage ([@DEV186817C66]). Upon *pie-1* depletion, we confirmed premature *nos-2* mRNA degradation; however, we were surprised to see a complete loss of *nos-2* localization to P granules, despite *nos-2* being translationally inactive at these stages ([@DEV186817C66]) ([Fig. 6](#DEV186817F6){ref-type="fig"}B). Initially, we suspected that P lineage identity was dysfunctional in these embryos, leading to the loss of wild-type P granule function. However, P granules are clearly present in these embryos (using GLH-1::GFP marker proteins) and they accumulate other mRNAs such as *clu-1* ([Fig. 6](#DEV186817F6){ref-type="fig"}, [Fig. S11](Fig. S11)). As *nos-2* mRNA is not translated upon *pie-1* disruption ([@DEV186817C66]), this suggests that the translational repression of *nos-2* and its localization to P granules can be uncoupled, perhaps mimicking a somatic-cell-like state in the P lineage.

Taken together, RBP knockdown conditions that disrupt *nos-2* mRNA translational repression also disrupt *nos-2* mRNA P granule association \[*mex-3 (RNAi)* and *spn-4 (ts)*\] ([Fig. 5](#DEV186817F5){ref-type="fig"}, [Fig. S12](Fig. S12)). In contrast, an RBP knockdown condition that prolongs *nos-2* translational repression ([@DEV186817C8]; [@DEV186817C28]) fails to release *nos-2* transcripts from P granules \[*pos-1 (RNAi)*\]. Therefore, the localization of *nos-2* mRNA in P granules is largely coincident with a translationally repressed state ([Fig. 6](#DEV186817F6){ref-type="fig"}C,D). It is not a perfect association, however. We observed several cases where *nos-2* mRNA remains translationally repressed without localizing to P granules: (1) in one- to two-cell stage embryos; (2) in somatic cells of the early embryo; and (3) in *pie-1* mutants in which *nos-2* fails to localize to P granules (*pie-1* depletion retains *nos-2* repression in [@DEV186817C66]). These findings illustrate that *nos-2* translational repression can occur independently of transcript localization and translational repression is not dependent on P granule residency. Further, it illustrates an order of operations in which translational repression precedes P granule localization during development.

Disrupting translation promotes P granule localization {#s2h}
------------------------------------------------------

We speculated whether P granule localization was a natural consequence that befalls transcripts experiencing low rates of translation or complete repression. To determine whether altering the translational status of mRNAs could change their localization within the cell, we disrupted translational initiation through heat exposure. Embryos exposed to 30°C for 25 min repress protein synthesis at the level of translational initiation ([@DEV186817C7]; [@DEV186817C78]). We observed that three transcripts that are normally homogenously distributed throughout the cytoplasm coalesced into P granules in response to heat stress ([Fig. 7](#DEV186817F7){ref-type="fig"}, [Fig. S13](Fig. S13)): *set-3*, *gpd-2* (*Glycerol-3-Phosphate Dehydrogenase*) and B0495.7 (predicted metalloprotease). Therefore, loss of protein synthesis was sufficient for otherwise homogenous transcripts to accumulate in P granules. Fig. 7.**Homogenously distributed transcripts form clusters when subjected to heat shock stress.** (A) The transcripts *gpd-2*, *set-3* and B0495.7 (magenta) are homogenously distributed in four-cell embryos at 20°C (left). These transcripts become recruited to GLH-1::GFP labeled P granules (green) and other uncharacterized mRNA clusters following a 25 min 30°C heat shock (right). DAPI-stained DNA illustrates developmental stage. Insets show enlarged views of P granules, demonstrating recruitment of RNA to P granules after heat shock. (B) The degree of *gpd-2*, *set-3* and B0495.7 transcript overlap with the P granule marker, GLH-1::GFP, was quantified for embryos cultured at 20°C or heat-shocked at 30°C for 25 min. Box plots show the percentage of RNA clusters overlapping with the P granule marker for each transcript, which was found to significantly increase under heat-shock conditions. Median, and first and third quartile ranges, are indicated by the middle bar and box boundaries, respectively. Whiskers indicate 1.5× the interquartile ranges. All included datapoints are shown as jittered dots. Welch\'s two sample *t*-test *P*-values are shown: 0.05\>\*\>0.005; 0.005\>\*\*\>0.0005; \*\*\*\<0.0005. Scale bars: 10 μm.

DISCUSSION {#s3}
==========

Translational repression of mRNA is necessary and sufficient for P granule localization {#s3a}
---------------------------------------------------------------------------------------

In this study, we report several maternally inherited mRNAs with subcellular localization in early *C. elegans* embryos. Localization patterns were often associated with translational status. P granule transcripts, for example, had repressed or declining translation. We hypothesized that either mRNAs are actively brought to P granules for the purpose of translational repression, or they are translationally repressed in the cytoplasm leading to their accumulation in P granules. In the case of *nos-2*, three lines of evidence support the second model. First, translational downregulation occurred before P granule localization. Second, in situations where *nos-2* translational repression and P granule localization were uncoupled (one-cell stage, somatic cells and upon *pie-1* depletion), translational repression occurred independently of P granule localization. Finally, heat stress-induced translational repression was sufficient to direct P granule localization. Together, these findings support the model that mRNAs of low translational status accumulate in P granules as a downstream step.

A recent publication by Lee et al. corroborates our findings ([@DEV186817C33]). They identified 492 P granule transcripts that precipitate with the intrinsically-disordered P granule factor MEG-3, and they found them to be of low ribosomal occupancy. Indeed, the P granule transcripts they identified depend both on translational repression and on MEG-3 for nucleation into P granules. Loss of P granule association (through *meg-3 meg-4* disruption) did not lead to loss of translational repression. They also illustrated that translational disruption of homogenous transcripts stimulates their ectopic localization into P granules in a MEG-3-dependent manner. Together, our combined works reinforce the interpretation that P granule accumulation occurs as a secondary step preceded and directed by low translational status.

P granules functionally echo stress granules {#s3b}
--------------------------------------------

mRNAs that localize to P granules could still be observed as individuals within the cytoplasm, as only 7% (*clu-1*, 26- to 48-cell stage) to 53% (*clu-1*, eight-cell stage) of total mRNAs localized to clusters. This echoes stress granules in which 10% of bulk mRNA and up to 95% of specific transcripts move into stress granules only returning to the cytoplasm after the stress has passed ([@DEV186817C31]). Though stress granules and germ granules (like P granules) are distinct, they appear to have some functionality in common.

Different transcripts accumulate in P granules through different mechanisms {#s3c}
---------------------------------------------------------------------------

We identified six new P granule-enriched transcripts. Of the three (*chs-1*, *clu-1* and *cpg-2*) we selected for further study, all localized to P granules in 3′UTR-dependent manners. However, these transcripts did not rely on the same RBPs for localization into granules as *nos-2* did (MEX-3, SPN-4 and PIE-1). What, then, directs them to P granules? The answer may lie in their biology. CHS-1 and CPG-2 are translationally activated by fertilization but their mRNA and protein levels decline shortly thereafter. Therefore, whether translation is repressed temporarily (*nos-2*) or permanently and followed by degradation (*chs-1* or *cpg-2*), P granule accumulation results*.* Different sets of RBPs likely interpret the 3′UTR sequence information of each transcript to direct regulation.

mRNA degradation plays a role in shaping transcript localization patterns {#s3d}
-------------------------------------------------------------------------

Transcripts of *chs-1*, *clu-1*, *cpg-2* and *nos-2* accumulate in the P granules of progenitor germ cells at the same time they disappear from somatic cells. These linked mechanisms concentrate transcripts down the P lineage. All transcripts tested required MEX-3 and SPN-4 for degradation in somatic cells, yet *nos-2* (and to a lesser extent *chs-1* and *cpg-2*) specifically required both RBPs for strong accumulation in P granules. Together, these findings suggest a mechanism in which P granule localization protects mRNAs from MEX-3 and SPN-4-dependent degradation. Local protection coupled to generalized degradation has also been evoked to explain how *Drosophila nanos* concentrates at posterior regions of the embryonic syncytium ([@DEV186817C32]). Similarly, we found the 3′UTR of *imb-2* fused to *mNeonGreen* elicited *mNeonGreen* mRNA decay, suggesting that *imb-2* localizes to nuclei by a 3′UTR-independent mechanism that protects it from its own 3′UTR-dependent degradation. Together, these findings illustrate how subcellular localization can preserve mRNAs in specific regions of the cell and embryo.

Altogether, translational status directs P granule residency of key transcripts, and P granule residency, in turn, directs enrichment down the P lineage. This explains how mRNAs may be retained and concentrated in specific lineages even in the absence of *de novo* transcription. Indeed, we found that *nos-2* mRNAs within P granules were exceptionally numerous. Whereas other P granule associated transcripts were estimated at 8-12 molecules per granule, *nos-2* mRNAs accumulated to \>20 molecules per granule just before the onset of *nos-2* translation. This suggests a possible functional reason why transcripts important for germ cell biology accumulate in P granules -- to direct cell-specific protein production even in the absence of *de novo* transcription.

Peripheral transcripts often encode membrane-associated proteins {#s3e}
----------------------------------------------------------------

Half of the anterior AB-enriched transcripts we surveyed by smFISH accumulated at the cell periphery. Of these, ERM-1 and LEM-3 proteins also localize to apical plasma membranes ([@DEV186817C71]; [@DEV186817C12]). The localizations of APE-1 and TES-1 are currently uncharacterized, but these proteins harbor domains associated with membrane localization ([@DEV186817C2]; [@DEV186817C64]). In addition, symmetrically-distributed *imb-2* mRNA localized preferentially at nuclear membranes, the same localization at which the protein it encodes functions ([@DEV186817C46]). The concordance between localization of mRNA and the proteins they encode suggest that either the transcripts are directed to membranes for the purpose of local translation or they are passively dragged along behind the growing peptide as it localizes to its final destination. Current genomics assays have illustrated that mRNAs can associate with the endoplasmic reticulum in both translationally-dependent and -independent ways ([@DEV186817C6]), suggesting that both models are possible. Although *erm-1* and *imb-2* lack discernible signal peptides at their N-termini, they both contain membrane-associated domains. Future studies will determine whether these could act to co-translationally direct transcripts to membranes, possibly for the purpose of efficiently generating secondary rounds of translation.

mRNA localization is a widespread feature of cell biology {#s3f}
---------------------------------------------------------

Diverse examples of transcript-specific mRNA localization have been described across the tree of life ranging from bacteria ([@DEV186817C81]) to humans ([@DEV186817C82]). Although early discoveries of localized mRNAs were thought to represent exceptional cases, recent advances in mRNA proximity labeling suggest that mRNA localization may be more widespread than previously thought ([@DEV186817C16]; [@DEV186817C65]). A new perspective is emerging to encompass mRNA localization control as a general feature of cell biology.

MATERIALS AND METHODS {#s4}
=====================

*C. elegans* maintenance {#s4a}
------------------------

*C. elegans* strains were maintained using standard procedures ([@DEV186817C4]). Worms were grown at 20°C and reared on nematode growth medium (NGM: 3 g/l NaCl; 17 g/l agar; 2.5 g/l peptone; 5 mg/l cholesterol; 1 mM CaCl~2~; 1 mM MgSO~4~; 2.7 g/l KH~2~PO~4~; 0.89 g/l K~2~HPO~4~). *C. elegans* strains generated in this study were derived from the standard laboratory strain, Bristol N2. Strains used in this study are listed in [Table S1](Table S1).

Ethics and oversight {#s4b}
--------------------

All experiments were subject to oversight by the Colorado State University Institutional Biosafety Committee and were conducted in accordance with National Institutes of Health guidelines.

3′UTR reporter constructs {#s4c}
-------------------------

The plasmid pMTNCSU7 was generated to express mNeonGreen as an N-terminal fluorescent reporter. Starting with a *Pmex-5::neongreen::neg-1*::*neg-1*-3′UTR plasmid derived from the MosSCI-based plasmid pCFJ150, we replaced the *neg-1* sequences with an NheI/BglII/EcoRV multiple cloning site using inverse PCR. 3′UTRs were PCR amplified and cloned into the NheI site of pMTNCSU7 using Gibson cloning (New England Biolabs) to create pDMP45 (*Pmex-5::mNeonGreen::nos-2 3′UTR*), pDMP47 (*Pmex-5::mNeonGreen::cpg-2 3′UTR*), pDMP48 (*Pmex-5::mNeonGreen::chs-1 3′UTR*), pDMP91 (*Pmex-5::mNeonGreen::clu-1 3′UTR*), pDMP111 (*Pmex-5::mNeonGreen::imb-2 3′UTR*) and pDMP112 (*Pmex-5::mNeonGreen::erm-1 3′UTR*). Plasmids used in this study are listed in [Table S2](Table S2). Primers used for 3′UTR amplification can be found in [Table S3](Table S3).

*C. elegans* single-copy transgenesis by CRISPR {#s4d}
-----------------------------------------------

*Pmex-5::mNeonGreen::3′UTR* strains were generated from N2 worms by CRISPR targeting to the ttTi5605 MosSCI site ([@DEV186817C11]). Guide RNA targeting the ttTi5605 MosSCI site and Cas9 protein were co-expressed from the plasmid pDD122, whereas plasmids pDMP45, pDMP47, pDMP48, pDMP91, pDMP111 and pDMP112 were used as repair templates. Three vectors containing mCherry-tagged pGH8 (*Prab-8::mCherry* neuronal co-injection marker), pCFJ104 (*Pmyo-3::mCherry* body wall muscle co-injection marker) and pCFJ90 (*Pmyo-2::mCherry* pharyngeal co-injection marker) as well as one containing the heat-shock activated PEEL-1 counter-selectable marker (pMA122) were co-injected. mNeonGreen- and mCherry-positive animals were identified as F1 progeny and singled to new plates until starvation. Starved plates were then subjected to a 4 h incubation at 34°C to counterselect, followed by an overnight recovery at 25°C. Plates were then screened for living worms that did not express the mCherry co-injection markers. Worms that showed no fluorescence from the presence of extrachromosomal arrays were singled to establish lines, which were confirmed for single-copy insertion by PCR using the primers in [Table S3](Table S3).

smFISH {#s4e}
------

smFISH was performed based on the TurboFish protocol, with updates specific to *C. elegans* and using new Biosearch reagents ([@DEV186817C17]; [@DEV186817C42]; [@DEV186817C47]; [@DEV186817C48]; [@DEV186817C58]). Custom Stellaris FISH Probes were designed against target transcripts ([Table S4](Table S4)) using the Stellaris RNA FISH Probe Designer (Biosearch Technologies; [www.biosearchtech.com/stellarisdesigner](www.biosearchtech.com/stellarisdesigner); version 4.2). The embryos were hybridized with Stellaris RNA FISH Probe sets labeled with CalFluor 610 or Quasar 670 (Biosearch Technologies) following the manufacturer\'s instructions ([www.biosearchtech.com/stellarisprotocols](www.biosearchtech.com/stellarisprotocols)). Briefly, young adult worms were bleached for embryos, suspended in 1 ml −20°C methanol, quickly vortexed and freeze cracked in liquid nitrogen. Embryos were stored in methanol at −20°C for 1-24 h. After fixation, embryos were equilibrated briefly in Stellaris Wash Buffer A (Biosearch Technologies, SMF-WA1-60) before hybridization in 100 µl Stellaris Hybridization buffer (Biosearch Technologies, SMF-HB1-10) containing 10% formamide and 50 pmol of each primer set. The hybridization reaction was incubated at 37°C overnight. Hybridized embryos were then washed twice for 30 min in Stellaris Wash Buffer A, with the second wash containing 1 µg/ml of DAPI. Following counterstaining, a final wash in Stellaris Wash Buffer B (Biosearch Technologies, SMF-WB1-20) was carried out before storage with N-propyl gallate antifade \[10 ml 100% glycerol, 100 mg N-propyl gallate, 400 µl 1 M Tris (pH 8.0), 9.6 ml DEPC-treated H~2~O\] before slide preparation. Embryos were mounted based on original descriptions in [@DEV186817C29], using equal volumes of hybridized embryos resuspended in N-propyl gallate antifade and Vectashield antifade (Vector Laboratories, H-1000). smFISH image stacks were acquired on a Photometrics Cool Snap HQ2 camera using a DeltaVision Elite inverted microscope (GE Healthcare), with an Olympus PLAN APO 60× (1.42 NA, PLAPON60XOSC2) objective, an Insight SSI 7-Color Solid State Light Engine and SoftWorx software (Applied Precision) using 0.2 µm *z*-stacks. Representative images were deconvolved using Deltavision (SoftWorx) deconvolution software. Images were further processed using FIJI ([@DEV186817C52]). Initial characterization of subcellular localization for the transcripts *erm-1*, *imb-2*, *chs-1*, *clu-1*, *cpg-2* and *nos-2* was performed in conjunction with the homogenous transcript *set-3* as a negative control for subcellular localization (data not shown; see <http://dx.doi.org/10.25675/10217/201623> for raw microscopy images). In all instances, a minimum of five embryos, but often many more, were imaged for each genetic condition and time point. All raw microscopy images are deposited on Mountain Scholar, a digital, open access data repository associated with Colorado State University Libraries (<http://dx.doi.org/10.25675/10217/201623>).

smiFISH {#s4f}
-------

smiFISH was performed as in [@DEV186817C69] using FLAPY primary probe extensions and secondary probes. Briefly, between 12 and 24 primary probes were designed using Oligostan ([@DEV186817C69]) and ordered in 25 nmol 96-well format from Integrated DNA Technologies diluted to 100 µM in IDTE buffer (pH 8.0). Secondary FLAPY probes were ordered from Stellaris LGC with dual 5′ and 3′ fluorophore labeling using either Cal Fluor 610 or Quasar 670 (Biosearch Technologies, BNS-5082 and FC-1065, respectively). Individual probes were combined to a final concentration of 0.833 µM, and 2 µl of primary probe mixture were mixed with 1 µl 50 µM FLAPY secondary probe, 1 µl NEB buffer 3 and 6 µl DEPC-treated H~2~O. The primary and secondary probe mixtures were then incubated in a thermocycler at 85°C for 3 min, 65°C for 3 min and 25°C for 5 min to anneal. Then 2 µl of annealed probe mixtures were used as normal smFISH probe sets as above. smiFISH probe sequences are listed in [Table S4](Table S4).

smFISH plus immunofluorescence {#s4g}
------------------------------

smFISH combined with immunofluorescence was performed similarly to smFISH with slight modifications. N2 and DUP98 *patr-1(sam50\[patr-1::GFP::3xFLAG\])II* ([@DEV186817C1]) embryos were harvested as above with the exception that they were resuspended in methanol, freeze cracked in liquid nitrogen for 1 min, and transferred to acetone after ∼5 min total in methanol. Embryos were then incubated in acetone for 25 min before proceeding to hybridization/immunofluorescence. smFISH was then performed as above with the exception that a final concentration of 2.37 µg/ml Janelia Fluor 549 (Tocris, 6147) conjugated anti-GFP nanobody (Chromotek, gt-250) was incubated with the embryos overnight in hybridization buffer.

Initial quantification of smFISH micrographs {#s4h}
--------------------------------------------

Initial characterization of mRNA counts from smFISH micrographs was performed using a standard FISH-quant ([@DEV186817C38]) analysis. Briefly, embryos were manually outlined, 3D LoG filtered using default FISH-quant parameters (size=5, s.d.=1), spots were pre-detected using a local maximum fitting and RNAs were detected using a manually determined image-dependent intensity and quality threshold, with sub-region fitting of 2 pixels in the *x*- and *y*-axes and 3 pixels in the *z*-axis.

Post-processing to calculate the different location metrics was performed as described below with custom-written Matlab and Python code. The Python code is implemented as plugins for the image processing platform ImJoy ([@DEV186817C43] preprint). Source code and detailed description are provided at <https://github.com/muellerflorian/parker-rna-loc-elegans>.

Quantification of cortical RNA localization {#s4i}
-------------------------------------------

Quantification of transcript localization to the cell cortex was performed using the web application ImJoy ([@DEV186817C43] preprint). RNAs were first detected as above using FISH-quant. Individual cell outlines were then manually annotated in FIJI for each *z*-stack in the micrograph, excluding the uppermost and lowermost stacks where cells are flattened against the slide or coverslip. The distance of each RNA was then measured from the nearest annotated membrane and binned in 10 µm increments. The total number of RNAs per bin was then normalized by the volume of the concentric spheres they occupied. After this normalization, values larger than 1 indicate that for this distance more RNAs are found compared with a randomly distributed sample.

Quantification of nuclear peripheral RNA localization {#s4j}
-----------------------------------------------------

Quantification of transcript localization to the nuclear periphery was also performed using ImJoy. RNAs were first detected as above using FISH-quant. Embryos were then manually outlined to create an upper limit for RNA distance from the nucleus. Individual nuclei were then annotated by binarizing DAPI micrographs to create a nuclear mask. The distance of each RNA was then measured from the nearest annotated nuclear membrane and binned in 10 µm increments. Negative distance indicates positioning within the nuclear mask. The total number of RNAs per bin was then normalized for volume as described above for cell membrane localization.

Quantification of RNA clustering {#s4k}
--------------------------------

Detection of RNA molecules was performed in the 3D image stacks using FISH-quant ([@DEV186817C38]). Positions of individual RNA molecules within dense clusters were determined with a recently developed approach using the signal of isolated RNAs to decompose these clusters ([@DEV186817C50]). Post-processing to calculate the different location metrics was performed as described below with custom-written Matlab and Python code. The Python code is implemented in user-friendly plugins for the image processing platform ImJoy ([@DEV186817C43] preprint). Source code and all scripts used for analysis and figure generation are available at <https://github.com/muellerflorian/parker-rna-loc-elegans>.

To quantify the number of individual mRNAs in mRNA clusters, the total number of clusters per embryo and the fraction of mRNAs in clusters, a custom MATLAB script was implemented. FISH-quant detection settings were used to identify candidate mRNA clusters from smFISH micrographs using GMM. The GMM differentiates independent, single mRNAs from groups of clustered mRNAs by probabilistically fitting a predicted RNA of average intensity and size over each FISH-quant detected RNA. GMM fitting then provided coordinates of both independent RNAs and the modeled coordinates of each RNA that composes a cluster. The decomposed coordinates of each RNA in the embryo were then used by a density-based spatial clustering of applications with noise (DBSCAN) algorithm to quantitatively analyze cluster size and number.

Quantifying RNA cluster overlap with GLH-1::GFP {#s4l}
-----------------------------------------------

To determine the degree of overlap between RNA clusters and P granules labeled with GLH-1::GFP a hybrid Matlab-ImJoy pipeline was implemented. RNA clusters were identified as described above. The occupied volume of these clusters in the image was calculated as the convex hull around all RNA positions within a cluster with the SciPy function ConvexHull. The location of P granules was determined in 3D with a Laplacian of Gaussian (LoG) blob detection method (with the scikit-image function blog_log). RNA clusters and P granules were considered to co-localize when their 3D volumes at least partly overlap. This allowed quantification of the number of independent P granules, RNA clusters, and RNA clusters that overlap with P granules.

RNAi feeding for smFISH microscopy {#s4m}
----------------------------------

dsRNA feeding was executed as previously described ([@DEV186817C51]). Mixed-stage worms were bleached to harvest and synchronize embryos. Harvested embryos were deposited on RNAi feeding plates and grown at 25°C until gravid. Embryos were harvested and smFISH was conducted. For each gene targeted by RNAi, we performed at least three independent replicates of feeding and smFISH using L4440 empty vector as a negative control and *pop-1* RNAi as a 100% embryonic lethal positive control. For experiments using the *spn-4* temperature sensitive allele, *spn-4(or191) V*, worms were grown at 15°C until gravid, bleached for embryos, and split into 15°C negative control and 25°C query conditions while plating on L4440, *mex-3* or *pop-1* RNAi conditions.
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